Temporal and spatial variations of convection in South Asia are analyzed using eight years of Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR) data and NCEP reanalysis fields. To identify the most extreme convective features, three types of radar echo structures are defined: deep convective cores (contiguous 3D convective echo $40 dBZ extending $10 km in height) represent the most vertically penetrative convection, wide convective cores (contiguous convective $40 dBZ echo over a horizontal area $1000 km 2 ) indicate wide regions of intense multicellular convection, and broad stratiform regions (stratiform echo contiguous over an area $50 000 km 2 ) mark the mesoscale convective systems that have developed the most robust stratiform regions.
Introduction
During the boreal late spring and summer, deep convection occurs over South Asia (Fig. 1) in connection with the premonsoon and monsoon seasons (Webster et al. 1998) . Some of the deepest intense convection in the world occurs near the mountains of the arid northwestern part of the Subcontinent (Zipser et al. 2006) . This deep intense convection may occur as isolated cells or as part of large mesoscale convective systems (MCSs). Well-developed MCSs have both intense convective elements and large stratiform components (Houze 2004) . Houze et al. (2007) found that the MCSs in South Asia can develop extremely large stratiform regions, especially in the moist eastern part of the region where MCSs are embedded in Bay of Bengal depressions (Houze and Churchill 1987; Johnson and Houze 1987) , which occur as part of the intraseasonal oscillation (Webster 2006; Hoyos and Webster 2007) . Thus, the South Asian region exhibits a range of extreme convective behaviors, from deep convective towers to MCSs with extremely large stratiform regions. This study examines the factors associated with the occurrence of the extreme forms of convection in this region, with a particular focus on how the spatial and temporal patterns of the extreme convection relate to the complex terrain.
Knowledge of the details of the convection over the South Asian region has been revolutionized by analysis of data from the Tropical Rainfall Measuring Mission (TRMM) satellite's Precipitation Radar (PR). Using these and other data, Barros et al. (2004) , Hirose and Nakamura (2005) , Kodama et al. (2005) , Xie et al. (2006) , Zipser et al. (2006) , and Houze et al. (2007) have analyzed convection in this region. Zipser et al. (2006) documented the top heights of radar echoes, while Hirose and Nakamura (2005) documented the horizontal radar echo structures of convective storms in the region. Houze et al. (2007) analyzed both vertical and horizontal structures of extreme convective entities and determined the geographical locations of radar echo features containing the deepest and widest intense convective cells and of mesoscale systems developing the broadest stratiform echo regions. These studies all suggest that mountainous terrain has strong effects on the occurrence of the most extreme forms of convection.
The precipitation of South Asia is highly convective, and knowledge of the convective processes of the region will aid in understanding climatological patterns of rain in the region. However, understanding extreme convective processes in the atmosphere is distinct from explaining patterns and amounts of precipitation. For example, the results of Zipser et al. (2006) show that the intense convective elements reach their greatest heights in regions of notably low overall rain accumulation. Our purpose in this study is therefore not to explain precipitation amounts but rather seek insight into the physical mechanisms leading to extreme forms of convection in the presence of mountainous terrain. This insight will lead to better understanding of the physical processes that determine the precipitation of the region. This paper builds upon the studies of Hirose and Nakamura (2005) and Houze et al. (2007) in relating the extreme convection in South Asia to the detailed topography of the region. These studies did not fully explore temporal variability, that is, the seasonal transition from premonsoon to monsoon conditions or the diurnal variability of specific forms of convection. The objective of the present study is to determine how the seasonal (premonsoon versus monsoon) and diurnal variations of the large-scale flow combine with the complex terrain to determine the structure and geographical patterns of extreme forms of convection in South Asia. We use and refine the methods of Houze et al. (2007) to classify the three-dimensional (3D) morphology of the convective radar echoes observed over South Asia by the TRMM PR, and we composite global model reanalysis data in relation to the patterns of different categories of convective structure over the region.
Data and methods of analysis a. Synoptic data
We employed National Centers for Environmental Prediction (NCEP) reanalyses on a 2.58 3 2.58 grid FIG. 1. Topography of the region of interest and relevant topographical features mentioned in the text. (Kalnay et al. 1996) to document the meteorological and climatological conditions over the area of interest. Longterm monthly data were used to create longterm seasonal means. Daily and 4-times daily data were used to create composite patterns. Vertical profiles extracted from the composite fields were used to create composite soundings and vertical cross sections.
b. TRMM datasets
In this study, we use TRMM data (Kummerow et al. 1998 (Kummerow et al. , 2000 from March to September from 1999 to 2006 (i.e., 56 months) over the domain of interest (58-408N and 608-1008E; Fig. 1 ). All products are from version 6. Data from before and after the satellite boost, which took place between 7 and 24 August 2001 and raised the satellite from 350 to 403 km, are treated the same way. The specific products used are d level 2 PR product 2A25 (rainfall rate and profile; Iguchi et al. 2000a,b) , which provides the gridded, 3D, and attenuation-corrected reflectivity factor;
d level 2 PR product 2A23 (rain characteristics; Awaka et al. 1997) , which provides the categorization of the echo as convective, stratiform, or other-this product is two-dimensional (2D) and does not have a vertical dimension;
d level 3 product 3A25 (spaceborne radar rainfall; Meneghini et al. 2001) , which provides surface precipitation, number of radar gates with precipitation, and total number of radar gates on a 0.58 3 0.58 horizontal grid on a monthly basis. This product was used to calculate monthly rainfall climatologies and to normalize the number of radar echoes (see appendix A).
c. Processing of TRMM PR data
The 3D TRMM PR reflectivity data were interpolated, using the technique described in Houze et al. (2007) , from an irregular to a 3D geographic grid [latitude, longitude, and height above mean sea level (MSL)] of 0.058 3 0.058 (;5 km 3 5 km) resolution in the horizontal and 0.25-km resolution in the vertical. This interpolation allows us to easily view the data with interactive visualization and analysis tools and to process the 3D reflectivity data to extract individual radar echo structures (i.e., radar echoes that satisfy specific conditions). A detailed description of the processing of TRMM PR data is given in appendix B. Different categories of echo structures were identified, as described in the next subsection. The 3D TRMM echo database presented in this study is similar to the one used in Houze et al. (2007) ; however, this study covers a larger geographical domain that extends over the Arabian Sea and Bay of Bengal (Fig. 1) , a greater number of years, and includes the premonsoon season. An important difference from Houze et al. (2007) is that in this study we normalized the frequency of occurrence of echo structures to account for the fact that the TRMM sampling is a function of latitude (see appendix A).
d. Definition of deep convective cores, wide convective cores, and broad stratiform regions
A convective system typically contains a stratiform and a convective component (Houze 1982 (Houze , 1997 (Houze , 2004 . In this study, we are interested in studying the extreme occurrences of the convective and stratiform parts of convective systems. Figure 2 illustrates the logical pathway for identifying three types of echo structures that characterize convective systems exhibiting extreme behavior. We use the TRMM PR product 2A23 to separate radar echoes into convective and stratiform components. Within the convective component, we focus on the most extreme echo structures by identifying convective cores, which are contiguous 3D echo volumes in which all the grid points are classified as convective and have reflectivity values $40 dBZ. Within the stratiform component we identify contiguous 3D echo volumes with all the grid points classified as stratiform but without a reflectivity threshold applied. The three extreme echo structure categories of interest are then defined as follows:
d Deep convective cores are radar echo structures for which the top heights of a contiguous convective $40 dBZ echo volume equals or exceed 10 km (unless otherwise stated, all heights are MSL). This category captures the tallest convective cores, which are produced by young, vigorous convection with extremely strong updrafts. Figure 3a shows the PR reflectivity of FIG. 2 . Logical pathway for identifying deep convective cores, wide convective cores, and broad stratiform regions from TRMM PR reflectivity data. a radar echo feature that contains a typical deep convective core. The complete echo feature consists of mostly convective pixels and a few stratiform ones (yellow and green pixels, respectively, in Fig. 3b ). However, only the contiguous grid points that are classified as convective and have reflectivity values $40 dBZ are considered part of the convective core echo structure. A vertical cross section along the red line in Fig. 3a illustrates how narrow (;20 km) and deep (;17 km) this core is (Fig. 3c ).
d Wide convective cores are radar echo structures with contiguous regions of convective $40 dBZ echo exceeding 1000 km 2 when projected on a horizontal plane. This category captures the most horizontally expansive convective cores. Echo structures of this category are often located within MCSs with large convective areas. Figure 3d shows the PR reflectivity of a radar echo feature that contains a wide convective core. A cross section along the red line in Fig. 3d illustrates the vertical structure of the wide convective core, which consists of vertically erect echoes interconnected by high reflectivity echo (Fig. 3f) . Given the previously stated definitions, a core can potentially be classified as both deep and wide. In our dataset this was the case for 302 convective cores, which are consequently included in both the deep and wide convective core categories (see section 3 for total numbers of radar echo structures in each category).
d Broad stratiform regions are contiguous stratiform radar echoes exceeding 50 000 km 2 in horizontal area (Fig. 2) . These features are usually located within MCSs (Houze 2004) . Figure 3g shows the PR reflectivity of an echo feature that contains a broad stratiform region. This particular broad stratiform region was so big that it was likely the result of the merging of several MCSs (Williams and Houze 1987; Mapes and Houze 1993) . The complete feature consists of mostly stratiform pixels and a few convective ones (green and yellow pixels, respectively, in Fig. 3h ). However, only the contiguous grid points that are classified as stratiform are considered part of the broad stratiform region echo structure. The vertical cross section in Fig. 3i is taken along the red line in Fig. 3g . This line crosses mostly stratiform radar echo (green in Fig. 3h ) and a few weak convective pixels (yellow in Fig. 3h ). In the cross section of Fig. 3i , these pixels have the character of embedded vertically oriented cells, but they are small, weak, and not very tall and do not qualify as deep convective cores. Oceanic tropical convection off the coast of West Africa has been seen to have a similar structure (Schumacher and Houze 2006) . As they concluded, the weaker cells similar to those seen in the cross section Fig. 3i have the appearance of having been more active earlier and weakened to become more stratiform in character, in the manner discussed by Houze (1997) . In a companion modeling study, Medina et al. (2009, manuscript submitted to Quart. J. Roy. Meteor. Soc.) discuss a model simulation of a broad stratiform region that shows that the stratiform precipitation does form from weakening convection.
3. Overall frequency of occurrence of radar echo structures Table 1 shows the total number of radar echo structures in each category defined in section 2d and sampled by TRMM PR for the entire period of analysis, during the premonsoon and monsoon seasons, and during each calendar month. The statistics are given for the whole domain ( Fig. 1) and are also divided according to type of underlying surface (i.e., ocean or land). Deep and wide convective cores reach a maximum in May (i.e., at the end of the premonsoon season). Broad stratiform regions occur primarily during the monsoon months, particularly in June and July. The maximum occurrence of broad stratiform regions during the earlier part of the monsoon season is consistent with the findings by Zuidema (2003) , who analyzed satellite infrared imagery and found the largest cloud clusters at the onset of the monsoon. Deep convective cores occur almost exclusively over land. Wide convective cores also have a preference for land regions, whereas mesoscale systems with broad stratiform regions occur most frequently over the ocean.
Premonsoon season a. Synoptic climatology
The premonsoon season in South Asia is generally considered to be the March-May time period. The surface specific humidity is very low over most of the Indian Subcontinent (Fig. 4a) , the exception being near Bangladesh (Fig. 1) , where near-surface specific humidity values reach ;12 g kg 21 . A region of strong specific humidity gradient approximately follows the coast, separating moist maritime air to the south from dry continental air to the north (Fig. 4a) . The surface moisture content is low over the Hindu Kush Mountains and the Tibetan Plateau (Figs. 4a and 1) . At 700 mb the area of maximum moisture extends across the southeastern Indian Peninsula (Fig. 4c) . At 500 mb strong westnorthwesterlies bring low moisture content air from the elevated terrain of Iran and Afghanistan (Fig. 1) over the northern parts of the Indian Peninsula (Fig. 4e) . At upper levels, there is a strong westerly jet extending northward of ;208N (Fig. 4g) . Figure 5 shows the geographical distribution of the probability of occurrence of radar echo structures in each of the categories defined in section 2d for the premonsoon and the monsoon seasons. The specific details of the probability calculation used in this and subsequent figures are given in appendix A. In the premonsoon deep convective core, echoes form preferentially along the east coast of the Indian Peninsula (Fig. 5a ), both over the high terrain of the Chota Nagpur Plateau and northern Eastern Ghats and over the flat and moist Ganges Delta (Fig. 1 ). These regions are also characterized by a maximum in lightning activity during the premonsoon (Kodama et al. 2005 ).
b. Deep convective cores
The deep convection over the region of the Ganges Delta has been the subject of several previous studies. Weston (1972) pointed out that the premonsoon storms in this region are among the tallest and most severe anywhere in the world, with cumulonimbus tops reaching 20 km. Weston (1972) suggested that premonsoon deep convection is favored near the region of low-level moisture gradients (Fig. 4a) , which he referred to as a dryline, analogous to the dryline associated with severe storm outbreaks in the United States (Carlson et al. 1983; Bluestein 1993, p. 282) . He further suggested that the dry warm continental air caps the low-level moist air. Yamane and Hayashi (2006) further found that the premonsoonal South Asian dryline region is characterized by large static instability and vertical wind shear of the type that favors severe thunderstorms (Weisman and FIG. 5 . Geographical distribution of the probability of finding (a),(b) a deep convective core; (c),(d) a wide convective core; and (e),(f) a broad stratiform region during the (left) premonsoon and (right) monsoon. Orographic contours of 0.3, 1.5, and 3 km are shown in black. Note the different color scales.
Klemp 1984) and/or squall lines (Rotunno et al. 1988 ). Indeed, Rafiuddin et al. (2009) frequently found arcshaped MCS over Bangladesh during the premonsoon in ground-based radar data.
In this section, we examine the climatology of extreme convection seen by the TRMM PR in the premonsoon. We analyzed individual occurrences of deep convective cores over the Ganges Delta and found that the associated soundings (not shown) confirm high values of convective available potential energy (CAPE), strong 500-mb flow, and shear during most of the cases. However, the radar echoes tend to be vertically erect and do not show a large degree of mesoscale organization, as only some of the cases exhibit line organization.
Similar to the Ganges deep convective cores, the cores over the high terrain of the Chota Nagpur Plateau and northern Eastern Ghats show amorphous convection and vertically erect cores without tilt. The shear observed around the times when deep convective cores are seen over the elevated terrain is weak. Often there is a strong 500-mb jet, as seen in the climatology (Fig. 4e ), but this jet is located to the north of the area of interest. A composite analysis of NCEP reanalysis daily data for the 54 premonsoon days when deep convective cores occurred within box 1 of Fig. 1 between noon and midnight (the time period with their maximum occurrence; section 6a) shows strong similarities to the seasonal climatology (Fig. 4) and therefore is not shown. It suggests that the synoptic conditions that favor the occurrence of deep convective cores over the high terrain of the Chota Nagpur Plateau and northern Eastern Ghats are high CAPE (Fig. 3a of Roy Bhowmik et al. 2008 ) and large moisture amount at 700 mb (exceeding the climatological values shown in Fig. 4c by ;1 g kg 21 over the Chota Nagpur Plateau). Diurnal heating also plays an important role in triggering deep convective cores, as will be shown in section 6a. In previous studies of premonsoon convection, Webster et al. (2002, their Fig. 34 ) have shown that intense convection tends to form during the afternoon over the Eastern Ghats and subsequently evolve into larger longlived mesoscale systems that propagate out over the Bay of Bengal. Heating over land likely drives a strong sea breeze that provides moisture and causes convergence over the Chota Nagpur Plateau and the northern Eastern Ghats.
To understand how convection is triggered over the high terrain, we extracted data from a composite at 1200 UTC [;1730 mean solar time (MST)] (left column of Fig. 6 ) for the same days with deep convective cores observed in box 1 mentioned above. Figure 6a contains a sounding at the location of the white diamond in Fig. 1 . Figures 6c,e show cross sections along line 1 in Fig. 1 . Figure 6a shows relatively moist and conditionally unstable flow below 700 mb overlaid by very dry and absolutely stable air above. The dry continental upper-level air is also seen clearly in the premonsoon climatological mean (Fig. 4e) . The moist flow is concentrated offshore the eastern Indian coast (Fig. 6c) , in the region of southerly flow (Fig. 6e) , with drier air immediately to the west and overrunning the moist low-level air. The near-surface air would reach saturation and become buoyant if lifted to ;820 mb (Fig. 6a) . We speculate that convergence and orographic lifting over the Eastern Ghats and the Chota Nagpur Plateau are enough to release the potential instability of the flow.
c. Wide convective cores
During the premonsoon season, wide convective core echoes are primarily found over the Khasi Hills, the Ganges Delta, and the Bay of Bengal (Figs. 5c and 1) . Some of the systems over the Bay of Bengal may have their origins as convection forced diurnally over the Eastern Ghats, as noted in the preceding subsection. A composite of the daily mean geopotential height at 700 mb for the days when wide convective cores occurred over the Bay of Bengal shows that there is an anomalous low pressure center located over the Bay (not shown), suggesting that some oceanic wide convective cores may form in connection with Bay of Bengal depressions (Houze and Churchill 1987) .
d. Broad stratiform regions
During the premonsoon the total number of broad stratiform region echoes is small compared to the number of deep and wide convective cores (Table 1) . However, because the broad stratiform regions are so extensive, their ranges of probability exceed those of the deep and wide convective cores (Fig. 5) . The maximum probability of broad stratiform regions occurrence is seen over the Bay of Bengal, the Arabian Sea, and the eastern side of the Himalayan foothills (Fig. 5e) . A composite analysis of the meteorological conditions on the days when broad stratiform regions are observed over the Bay of Bengal shows results similar to those obtained for the wide convective cores, namely, that there is an anomalous low pressure center located over the Bay of Bengal (not shown). Hence (as in the monsoon season, section 5d below), the broad stratiform regions tend to form in association with Bay of Bengal depressions. 
Monsoon season a. Synoptic climatology
During the transition from the premonsoon to the monsoon, sharp changes occur in the moisture and flow patterns. When the monsoon is established, low-level moisture originating from both the Arabian Sea and the Bay of Bengal penetrates into central India and to the Himalayan foothills (Fig. 4b) . The region of strong nearsurface moisture gradients located along the coastal regions of the subcontinent during the premonsoon moves northward during the monsoon, becoming aligned with the Himalayan foothills (cf. Figs. 4a,b) . The low-level moisture increases over the Tibetan Plateau but remains relatively low over the Hindu Kush Mountains (cf. Figs. 4a,b and 1). At 700 mb, the moisture content increases over the whole domain and westerly winds are established to the south of the Arabian Sea and the Bay of Bengal (cf. Figs. 4c,d ). The strong west-northwesterly 500-mb level winds that brought low moisture content air over the Indian Peninsula during the premonsoon weaken during the monsoon and become northerly over southern Pakistan and the northern Arabian Sea (cf. Figs. 4e,f). At upper levels, the westerly jet stream moves northward, placing its southernmost edge at ;308N (cf. Figs. 4g,h ).
b. Deep convective cores
Consistent with Houze et al. (2007) , we find that deep convective core echoes during the monsoon season form preferentially in what we will call the western Himalayan indentation (Fig. 5b) , which is the terrain indentation between the Karakoram and Hindu Kush Mountains (Fig. 1) . This region is also characterized by a maximum in lightning activity during the monsoon months (Barros et al. 2004; Kodama et al. 2005) . The global study by Zipser et al. (2006) shows that the echo cores observed in the western terrain indentation of the Indian Subcontinent are among the deepest anywhere in the world.
The location of maximum occurrence of deep convective cores in the western Himalayan indentation marks a radical change from the premonsoon, when these deep cores occur primarily on the east coast of the Indian Peninsula (cf. Figs. 5a,b) . Again, the area of maximum occurrence of deep convective cores is located in a region of large near-surface moisture gradients; however, during the monsoon the strong moisture gradients are located much farther inland, along the foothills of the Himalayas, Karakoram, and Hindu Kush Mountains (Fig. 4b) . As was the case during the premonsoon season, the region of frequent occurrence of deep convective cores coincides with the southernmost extension of the upper-level westerly jet, which migrates northward in the transition from premonsoon to monsoon seasons (cf. Figs. 4g,h ). Sawyer (1947) and Houze et al. (2007) have suggested that the deep convective cores in the western Himalayan region occur when moist low-level flow from the Arabian Sea is capped by dry westerly or northwesterly midlevel flow coming down from higher terrain. As the low-level flow impinges on foothills of the mountain ranges, it is orographically lifted to break through the stable layer and release its instability, forming deep convection. As during the premonsoon, the conditions are similar to those leading to deep convection over the U.S. Great Plains (Carlson et al. 1983) .
As mentioned in section 4b, deep convective cores mainly occur between noon and midnight (section 6a), suggesting that diurnal heating is key in their triggering. Houze et al. (2007) suggested that, as the low-level flow moves over the Thar Desert, it acquires additional buoyancy via sensible heat fluxes. During the monsoon, the diurnal cycle of surface flux of sensible heat has a very large amplitude over this area (Medina et al. 2009 , manuscript submitted to Quart. J. Roy. Meteor. Soc.). We performed a composite of the 1200 UTC (;1730 MST) NCEP analyses fields for the 137 monsoon days when deep convective cores were observed within the domain indicated by box 2 in Fig. 1 between noon and midnight. The composite fields are very similar to the monsoon climatology in Fig. 4b and therefore not shown. The right column of Fig. 6 shows the vertical structure of data extracted from the composite fields. Figure 6b contains a sounding at the location of the white circle in Fig. 1.  Figures 6d,f show cross sections along line 2 in Fig. 1 . Figure 6b indicates that there is relatively moist and conditionally unstable air below 600 mb overlain by drier and absolutely stable air above. Moist low-level southerly flow, originating from the Arabian Sea, is overrun by dry northwesterly winds above ;600 mb (Fig. 6b) , which apparently descended from the Afghan mountains, in accordance with what was found by Sawyer (1947) and Houze et al. (2007) . The near-surface air would reach saturation and become buoyant if lifted to ;800 mb (Fig. 6b) . The terrain in the region of the western Himalayan indentation, where deep convective cores are most frequent (Fig. 5b) , has peaks that are high enough to orographically lift the low-level flow to this level.
In contrast to the premonsoon (Fig. 5a ), a few isolated deep convective cores are observed over the Tibetan Plateau during the monsoon (Fig. 5b) . Although in both seasons the low-level flow is convergent over the plateau (especially during the daytime), the moisture content of the atmosphere is extremely low during the premonsoon (Figs. 4a,b) . The total depth of the monsoonal deep convective cores over the Tibetan Plateau, whose elevation is ;5 km, is smaller than that of the cores observed over lower terrain. However, it is nonetheless notable that cores of $40 dBZ echo can reach up to 10 km in height in this region of relatively low moisture. The deep convective cores near the Chota Nagpur Plateau (Figs. 5b and 1) occur almost exclusively in June and are therefore most likely associated with conditions similar to those observed during the premonsoon season (section 4b).
c. Wide convective cores
During the monsoon season, wide convective core echoes occur with high frequency along the Himalayan foothills, over the Khasi Hills, and over the Bay of Bengal (Figs. 5d and 1) . A local maximum occurs in the region of the western indentation of the Himalayan region. However, the maximum in the western indentation region is not as prominent as suggested by Houze et al. (2007) , possibly because their dataset was not normalized to account for the latitude-dependent sampling frequency of TRMM (see appendix A).
Houze et al. (2007) show that the wide convective cores form as moist low-level flow originating from the Arabian Sea makes landfall and moves over the hot Thar Desert, increasing further the instability of the flow because of high surface fluxes of sensible heat. The western indentation of the terrain prevents the low-level flow from continuing to move northward and allows low-level moisture and buoyancy to build up. As suggested by Sawyer (1947) and Houze et al. (2007) , an elevated layer of dry and warm air from the Afghan mountains caps the low-level flow and prevents the release of convection upstream of the Himalayas. Outside the western indentation region, there are two additional zones favoring wide convective core occurrence (Fig. 5d) . One is an elongated maximum of wide convective core occurrence along the central portion of the Himalayan foothills. The other zone is the Bay of Bengal. These additional maxima of wide convective core occurrence are due to processes distinct from those occurring in the western indentation region. The elongated maximum along the central Himalayas is associated with nocturnal triggering of convection, which will be discussed in section 6b. The occurrence of wide convective cores over the Bay of Bengal appears to be closely related to the occurrence of mesoscale convective systems with broad stratiform regions, as will be discussed in the next subsection.
d. Broad stratiform regions
During the monsoon, broad stratiform region echoes occur more frequently than in the premonsoon season ( Table 1 ). The frequency of occurrence of convective systems containing broad stratiform regions during the monsoon months is maximum over the eastern side of the Bay of Bengal (Fig. 5f ). Broad stratiform regions are also observed, although with less frequency, over the eastern part of the Arabian Sea. This result is consistent with the findings of Hirose and Nakamura (2005) , which showed that the horizontal dimensions of the precipitating systems observed over the Arabian Sea tend to be smaller than those of the systems observed over the Bay of Bengal. Another region where broad stratiform regions are observed is the northern part of the Eastern Ghats (Figs. 5f and 1) .
A composite analysis of the 184 days when broad stratiform regions occurred over the Bay of Bengal (box 3 in Fig. 1) indicates that there is a low pressure system centered near the Chota Nagpur Plateau (Fig. 7a) . Comparing this composite field with the monsoon climatology reveals that the 700-mb geopotential heights are anomalously low over the Bay of Bengal (Fig. 7b) , indicating that the broad stratiform regions occur in association with transient Bay of Bengal depressions. Radar echoes of broad stratiform regions of this type were observed by aircraft flying through the mesoscale rain areas of a Bay of Bengal depression during the Summer Monsoon Experiment (MONEX) of 1979 (Houze and Churchill 1987; Johnson and Houze 1987) . Houze et al. (2007) found that the broad stratiform regions seen by the TRMM PR were consistently associated with Bay of Bengal depressions. Medina et al. (2009, manuscript submitted to Quart. J. Roy. Meteor. Soc.) conducted a detailed numerical study of a convective system producing a broad stratiform region observed on 11 August 2002 in connection with a Bay of Bengal depression. They found that the Bay of Bengal depression provided stronger-than-average low-level flow that extracted moisture from the Bay of Bengal. When the flow made landfall and moved over the Ganges Delta (Fig. 1) , additional moisture was extracted from the underlying land. The eastern Himalayan indentation prevented the low-level flow from continuing to move northward and allowed the moisture to build up upstream of the terrain. Convection was triggered as the conditionally unstable low-level flow was lifted upstream and over the Himalayan foothills and Khasi Hills. As the convective system aged, the echoes weakened, merged, became more widespread and stratiform, and evolved into MCSs with convective and very large stratiform areas. The MCSs were advected downstream, farther into the eastern Himalayan indentation, where orographic lifting enhanced the stratiform component of the MCS. Figure 8 shows the diurnal cycles of frequency of occurrence of the radar echo structures defined in section 2d during both the premonsoon and the monsoon season. The TRMM PR dataset used, extending over a period of 8 years, provides a well-sampled diurnal cycle over the region of interest (Hirose et al. 2008) . As recommended by Negri et al. (2002) , we applied a 4-hour running mean to the diurnal cycle of frequency of occurrence of echo structures to minimize noise. The frequencies of occurrence of echo structures in Fig. 8 were not normalized to account for the latitude-dependent TRMM sampling since, for the most part, we were not interested in the spatial differences in the diurnal cycle. One exception was the separation into land and ocean echo structures (sections 6b and 6c).
Diurnal cycle

a. Deep convective cores
Deep convective core echoes over land occur almost exclusively between noon and midnight (Fig. 8a) in association with solar heating of the land surface. A similar diurnal cycle has been documented over Tibet (Barros et al. 2004; Hirose and Nakamura 2005; Kurosaki and Kimura 2002) , over land areas in South Asia (Gambheer and Bhat 2001; Nesbitt and Zipser 2003; Liu and Zipser 2008) , and generally over the landmasses of the tropics (Zipser et al. 2006 ). The number of deep convective cores over the ocean is too small to provide meaningful information regarding the diurnal cycle (Fig. 8b) .
b. Wide convective cores and broad stratiform regions over land
The diurnal cycle of frequency of occurrence of wide convective core echoes over land experiences changes from premonsoon to monsoon seasons. During the premonsoon, it has an evening peak (Fig. 8c) , similar to that of the deep convective cores (Fig. 8a ) but weaker. During the monsoon, the occurrence of wide convective cores over land has a bimodal distribution with one maximum in the evening and a second peak between midnight and early morning (Fig. 8c) . Both the premonsoon and the monsoon broad stratiform region echoes observed over land have a bimodal diurnal cycle (Fig. 8e) ; however, the evening peak is much weaker and not statistically significant. Note also that the number of broad stratiform regions in the premonsoon is too small for a serious interpretation. Again, the wide convective cores and broad stratiform regions, especially during the late night and early morning of the monsoon season, appear to vary together, suggesting they are both part of large MCSs, which exhibit similar spatial and temporal variability.
To try to understand the bimodal diurnal cycle observed during the monsoon, we analyze further the most robust dataset that displays this signal: the wide convective cores over land (Fig. 8c) . Figure 9 shows that there are marked differences in the geographical distribution of wide convective cores observed between midnight and noon (0000-1200 MST; Fig. 9a ) from those observed between noon and midnight (1200-0000 MST; Fig. 9b ). While wide convective cores cluster along the Himalayan foothills in the 0000-1200 MST period, in the 1200-0000 MST period they are more evenly distributed over the whole subcontinent (Figs. 9a and 9b, respectively) . The midnight-to-morning peak in the occurrence of the wide convective cores (as opposed to other types of radar echo structure) indicates a specific phenomenon to explain Kikuchi and Wang's (2008) recent finding of a nighttime precipitation maximum along the Himalayan foothills.
To understand the clustering of the wide convective cores in the midnight to morning hours, we conducted a composite analysis of the NCEP reanalysis fields for the 150 days when wide convective cores were observed between 0000 and 1200 MST along the Himalayan foothills (box 4 in Fig. 1 ). Figure 10 shows the composite nearsurface winds at 6-h intervals. The near-surface winds along the Himalayan foothills switch from upslope during the day (Figs. 10a,b) to downslope around midnight and early morning (Figs. 10c,d ). This change in wind direction has been observed in field experiments conducted at the Himalayan foothills (e.g., Egger et al. 2000; Barros and Lang 2003) . The downslope flow during the night is driven by radiative cooling of the elevated terrain. We suggest that extreme convection in these cases is triggered over the Gangetic Plain along the Himalayan foothills as the downslope flow generated by cooling over high terrain converges with the monsoon flow. Density-current outflow from precipitating systems may strengthen this effect by also converging with the downslope flow and/or the monsoon flow. Although this type of downslope flow also occurs during the premonsoon season (not shown), the prevailing winds over the Indian Subcontinent are dry and far from saturation; hence, there is no wide convective core maximum observed during this season between midnight and early morning. These findings suggest that MCSs similar to those whose most extreme forms contain wide convective cores play an important role in the monsoon nighttime precipitation maximum along the foothills of the Himalayas that has been documented in several monsoon studies (Barros et al. 2000; Barros and Lang 2003; Bhatt and Nakamura 2005, 2006; Hirose and Nakamura 2005; Hirose et al. 2008; Kikuchi and Wang 2008) .
c. Wide convective cores and broad stratiform regions over ocean
The oceanic wide convective cores and broad stratiform regions both exhibit a broad midday maximum (Figs. 8d and 8f, respectively). Their diurnal cycles are similar to each other, suggesting again that there is a close relationship between wide convective cores and broad stratiform regions, in this case over the ocean, both probably being components of large MCSs. The midday maximum of broad stratiform regions over oceans is consistent with the midday maximum of large cold cloud tops seen over tropical oceans in infrared satellite imagery (e.g., Williams and Houze 1987; Chen et al. 1994; Zuidema 2003; Liu and Zipser 2008) .
Relationship of extreme convection to precipitation
This paper aims to understand the factors controlling the occurrence of extreme forms of convection in the South Asian region. The categories of radar echo defined in section 2d identify convection characterized by rare but significant convective and/or stratiform radar echo structure. As infrequent outliers in the overall spectrum of convective clouds they do not contribute significantly to the rainfall climatology. However, by comparing the spatial and temporal patterns of occurrence of extreme convective forms to the climatology of rainfall in South Asia we can determine which of the extreme forms of convection occur in rainy regions and which occur in relatively dry regions. Zipser et al. (2006) showed that vertically extensive convective cells (corresponding to our deep convective cores) tend to occur in dry regions. Since we have defined three very different categories of extreme convective behaviors, we are able to further infer whether extreme convective systems defined by extreme characteristics in the horizontal sense (wide convective cores and broad stratiform regions) occur in rainy or dry regions. The spatial correspondence or noncorrespondence of extreme convective phenomena to climatological precipitation patterns should deepen understanding of the conditions leading both the extreme convection and to precipitation. Figure 11 shows the monthly climatological precipitation over South Asia from April to September. In the premonsoon season (March-May) the precipitation is generally weak. In March it is almost nonexistent and therefore not shown in Fig. 11 . Precipitation in the premonsoon occurs over the land areas near Bangladesh (Fig. 1) and northeast India in March-April (Fig. 11a) and over oceanic regions in May (Fig. 11b) . Zipser et al. (2006) pointed out that often the occurrence of high climatological rainfall is uncorrelated with the maximum frequency of intense or severe convection. However, when it does rain, the instantaneous rain rates are very high in these regions. As found by Zipser et al. (2006) , the spatial pattern of deep convective cores (Fig. 5a ) does not correspond strongly to the precipitation pattern. The spatial distribution of wide convective cores (Fig. 5c) , however, corresponds roughly to the climatological rainfall of the premonsoon season shown in Figs. 11a,b . The absolute maximum in the frequency of occurrence of wide convective cores (Fig. 5c ) is over the southern slope of the Khasi Hills (Fig. 1) and coincides with a precipitation maximum (Figs. 11a,b) . The spatial distribution of broad stratiform regions (Fig. 5e ) corresponds well to the overall premonsoon precipitation pattern (Figs. 11a,b) . The broad stratiform regions, as well as the wide convective cores, are probably both symptomatic of the occurrence of robust MCSs, which are known to be major rain producers (Houze and Cheng 1977; Fritsch et al. 1986; Houze 1993, p. 337; Ashley et al. 2003 ). As we only analyze the wide convective cores and broad stratiform regions associated with the most extreme MCSs, a quantitative connection with the observed precipitation is not suitable. However, the similarity of their distribution with the precipitation pattern indicates that the conditions investigated in this study under which these extreme MCSs develop favor the development of major, but less extreme, rain-producing MCSs, which likely are quantitatively associated with the observed precipitation.
a. Premonsoon extreme convection
b. Monsoonal extreme convection
With the monsoon onset in June, the precipitation increases sharply and exhibits clear maxima upstream of the Western Ghats of India and the mountains of Myanmar (Fig. 1) where the strong southwesterly 434 monsoonal surface winds impinge on the near coastal ranges (Figs. 11c-e; Xie et al. 2006; Hoyos and Webster 2007) . The precipitation decreases slightly in August (Fig. 11e) , followed by a sharp decrease in September as the end of the monsoon approaches (Fig. 11f) . The southern slopes of the Khasi Hills, where one of the wettest places on earth is found (Cherrapunji at 25.38N, 91.78E; Xie et al. 2006) , are characterized by a local maximum of precipitation throughout April-September (Fig. 11) . As in the premonsoon, the area of peak occurrence of deep convective cores (Fig. 5b) coincides with a region of low climatological precipitation (Figs. 11c-f ). This behavior is expected from the analyses of Zipser et al. (2006) and Hirose and Nakamura (2002) . However, as has been pointed out by the latter authors, the western indentation of the Himalayas (identified as ''Punjab'' in their Fig. 2c ) is characterized by extremely high conditional rainfall rates; that is, when it does rain, the rainfall rates tend to be very high. Again the areas of frequent occurrence of wide convective cores ( Fig. 5d ) coincide with maxima of climatological rainfall, especially over land in July and August (Figs. 11d,e; see also Anders et al. 2006) . The spatial distribution of broad stratiform regions (Fig. 5f ) is in general very similar to the monsoon rainfall distribution (Figs. 11c-e) . The minimum in precipitation observed to the north and west of Sri Lanka (Figs. 11c-f) coincides with a minimum in the occurrence of broad stratiform regions (Fig. 5f) .
The specific broad stratiform regions included in the present study cannot, by themselves, account for a large proportion of the total rain over South Asia, since they are by definition extreme outlier cases. However, the spatial correspondence between their distribution and the maximum of rain accumulation plus the juxtaposition of the maxima with the mountains suggest that orographically influenced large MCSs are the primary producers of precipitation in the Bay of Bengal, Arabian Sea, and surrounding areas during the monsoon.
Explaining precipitation accumulation by storm type is a problem beyond the scope of the present study. A more comprehensive census that identifies categories of moderate and weaker forms of convection, in addition to the extreme outliers considered here, would be required to provide an accounting of all the precipitation in South Asia by storm type. The analysis of groundbased radar data by Rafiuddin et al. (2009) suggests that a considerable percentage of the long-lasting (.3 h) MCSs that form over Bangladesh during the monsoon are ''scattered-type precipitation systems with wide areal coverage'' (SWACs). These systems are so large that they extend outside the radar range. Rafiuddin et al. (2009) state that SWACs have low rain rates but ''contribute a large amount of the accumulated rain during the monsoon period'' because of their large extent, slow propagation speed, and long life time. Their results indicate that the more moderate systems indeed are important contributors to the overall rain amount. Together with our study of extreme systems, their results suggest that a census of the full spectrum of radar echo types is a worthy subject of further investigation. We are presently undertaking such a comprehensive census to be able to account for the precipitation accumulation.
Conclusions
This study has revealed the temporal and spatial variability of the extreme forms of convection that occur over South Asia. Using 8 years of the TRMM PR data, we have identified three different metrics of extreme convective behavior: Only those convective systems that exhibit one or more of these structural features are included in this study. Thus, we isolate the situations in which the most extreme forms of convection occur. The TRMM satellite has allowed us to map and analyze the locations and times of occurrence of each type of extreme echo structure with respect to winds, thermodynamic fields, orography, and solar cycle in the South Asian region.
Cumulonimbus systems characterized by deep convective core echo structures occur almost exclusively over land, where extreme buoyancy is produced through sensible heat flux from heated land surfaces. Their geographical distribution changes markedly from the premonsoon, when they cluster along the Indian Subcontinent east coast, to the monsoon season, when they occur preferentially in the western Himalayan indentation region. In both seasons, deep convective cores tend to form in regions characterized by strong surface specific humidity gradients, where near-surface moist flow is capped by dry air aloft. The intense convection is triggered as the low-level flow is orographically lifted to a level where it can break through the capping stable layer. The locations of these systems also coincide with the southernmost extension of the 200-mb jet, in the transition zone between westerlies and easterlies. Deep convective cores can also be found over the Tibetan Plateau during the monsoon season. The occurrence of the deep convective cores has a very strong diurnal cycle in both seasons, with maximum occurrence in the evening.
Convective systems containing wide convective core structures occur during the premonsoon and monsoon seasons over both land and ocean. Over land, the locations of systems with wide convective cores undergo similar changes from the premonsoon to monsoon season as the deep convective cores, suggesting that the extremes of vertical and horizontal structure of intense convection are determined by similar meteorological conditions. Similar to the deep convective cores, the wide convective cores over land exhibit an evening maximum frequency of occurrence. Additionally, during the monsoon, the wide convective cores over land show a midnight-toearly morning maximum along the Himalayan foothills, which is associated with convergence of moist southwesterly monsoonal air with diurnally cooled downslope flow. During the premonsoon season, there is no moist southwesterly flow to converge with the downslope flow, so this nighttime-morning maximum does not occur.
Mesoscale convective systems with broad stratiform regions have spatial distributions, climatological characteristics, and diurnal cycles very similar to those of oceanic wide convective cores. Both types of echo structure occur in the premonsoon and monsoon seasons, primarily in association with Bay of Bengal depressions. The centers of action of the broad stratiform regions are mainly located over the oceans, but these regions are so large that they often extend over land. Apparently, broad stratiform regions and oceanic wide convective cores are both associated with robust MCSs, which contain areas of intense convection (especially in their earlier stages of development) and produce large areas of stratiform radar echo as the convective regions weaken (Houze 1997) . It has been found previously that MCSs produce more stratiform precipitation over the ocean than over land (Schumacher and Houze 2003) , consistent with the greater frequency of broad stratiform regions over the oceanic regions bordering the South Asian subcontinent, in regions of large latent heat and moisture flux from the underlying surface. The oceanic broad stratiform regions and wide convective cores have a broad midday maximum, which is often the case for oceanic precipitation in coastal regions (Houze et al. 1981; Kikuchi and Wang 2008) .
The extreme forms of convection identified in this study are of interest because of their implications for local severe weather and flooding. By definition, extreme convective events are outliers that are infrequent and as such cannot account for a large fraction of the overall rainfall in South Asia. However, extreme forms of convection are particularly well-defined manifestations of more common phenomena, and the extreme forms likely represent clear prototypes of more frequent nonextreme convective events. The timing and location of the extreme events seen in this study suggest differences in convective processes in rainy versus arid regions. We have shown that, as expected, the deep convective cores tend to occur in arid zones, and, while important in producing locally intense rainfall (and probably hail), they do not account for large accumulations over seasonal time periods in these dry regions. On the other hand, the spatial distributions of wide convective cores partially, and broad stratiform regions in general, coincide with maxima in the climatological precipitation pattern. Thus, the conditions leading to the occurrence of MCSs with these horizontally extensive properties appear to coincide with those favorable for major precipitation accumulation upstream of the South Asian mountains. This result suggests that mesoscale organization of convection is important in producing copious rainfall. In a follow up study, TRMM PR data will be further exploited to characterize the full spectrum of convective structures, including the less vertically and horizontally extensive radar echo structures as well as the extremes considered here, to quantify the role of different storm types in the rainfall climatology of the South Asian region. depends strongly on its latitude (Negri et al. 2002) . Figure A1a illustrates the frequency with which TRMM PR scans the domain of interest. Averaging over all the longitudes in the domain demonstrates that the sampling frequency is relatively even from 58 to 308N but changes rapidly at higher latitudes, reaching a maximum at ;348N and decreasing to zero at ;378N (Fig. A1b) . Therefore, the frequency of occurrence of a particular radar echo structure (as defined in section 2d) needs to be normalized according to the sampling frequency.
In this study, we have normalized by considering the number of near-surface TRMM PR pixels collected by the radar, regardless of whether they were precipitating, in each 0.58 3 0.58 grid box. This information is provided by TRMM PR product 3A25 on a monthly basis as variable NT(i, j), 2 where i denotes the gridbox index and j denotes the monthly index. For each 0.58 3 0.58 grid box, we accumulated NT over X 3 months, obtaining a variable that we will call N(i). Separately, we analyzed the 3D geographic grid data of echo structures (as defined in section 2d) projected on a horizontal plane. For each 0.58 3 0.58 grid box and during the same X months, we calculated the number of pixels in the geographic grid that are part of a particular type of echo structure. We will call this count n(i). The probability P(i) of finding a particular type of echo structure within grid box i during time period X is calculated as the ratio
where a is the area of the pixels in the geographic grid (discussed in section 2c), which is 0.058 3 0.058. The variable A is the area of each radar pixel, as given in product 3A25, which is 4.3 3 4.3 km 2 preboost (5 3 5 km 2 postboost). Here A and a are comparable in size, but they are not exactly the same and they have different units. To calculate the ratio, we have chosen to convert the units of A from km 2 to degrees 3 degrees. Therefore A(i) will actually depend on the latitude and hence on the gridbox index i. The probability P(i) is the variable plotted in Figs. 5 and 9.
APPENDIX B
Processing of TRMM PR Data and Identification of Cores and Regions
The first step in our analysis of 3D reflectivity data in TRMM product 2A25 was to apply a small angular offset correction associated with the geolocation of the data, as described in Houze et al. (2007) . The reflectivity data were then interpolated from the irregular TRMM grid to a 3D geographic grid with 0.058 3 0.058 horizontal and 0.25-km vertical resolution (as discussed in Houze et al. 2007 ). The 2D rain characteristic TRMM 2A23 product, which flags each grid point within a PR echo as being convective, stratiform, or other, was remapped onto the geographic grid described above using the nearest neighbor method. As the rain characteristic product is 2D, all the 3D reflectivity grid points in the same vertical column are automatically assigned the same rain-type classification. Two different subsets of data were extracted from the 3D reflectivity dataset (Fig. 2) : the first subset included only the pixels that were classified as convective and had reflectivity values $40 dBZ, and the second subdataset included all pixels classified as stratiform.
Within the first data subset we searched for contiguous volumes, which we called convective cores. We further identified two subcategories of convective cores: deep and wide. The convective cores that reached or exceeded 10 km in height are called deep convective cores. The convective cores that extended $1000 km 2 in area when projected on a horizontal plane are called wide convective cores.
Within the second (stratiform) data subset, we looked for contiguous volumes of pixels. We extracted the pixel volumes that extended over an area of $50 000 km 2 when projected on a horizontal plane and called them broad stratiform regions. No reflectivity threshold was applied to this subdataset.
